Di¡usion tensor imaging (DTI) can provide information about brain white matter integrity. The results of DTI studies in schizophrenia are somewhat variable and could bene¢t from standardized image processing methods. Fourteen patients with schizophrenia or schizoa¡ective disorder and14 healthy volunteers underwent DTI. Scans were analyzed using a rigorous voxelwise approach. The key dependent variable, fractional anisotropy, was lower for patients in the corpus callosum, left superior temporal gyrus, parahippocampal gyri, middle temporal gyri, inferior parietal gyri, medial occipital lobe, and the deep frontal perigenual region. Regions showing reduced white matter fractional anisotropy are known to be abnormal in schizophrenia. The voxelwise method used in the current study can provide the basis for hypothesis-driven research.NeuroReport14:2025^2029
INTRODUCTION
Diffusion tensor imaging (DTI) [1] is an exciting new imaging modality that provides information about the diffusion of water in biological tissues. In brain white matter (WM), water diffusion is highly anisotropic, with greater diffusion in the direction parallel to axonal tracts. Thus, diminished anisotropy of water diffusion has been proposed to reflect compromised WM integrity [2] . Fractional anisotropy (FA) [3] is a normalized measure of diffusion anisotropy and ranges from 0 (completely random diffusion) to 1 (completely unidirectional diffusion). Changes in WM integrity in schizophrenia have relevance to the neural disconnection model of the disorder [4] and may provide a basis for focal neurophysiological abnormalities as well. Thus, DTI provides an important potential window into the pathophysiology of schizophrenia.
Several studies have shown reduced WM diffusion anisotropy in patients with schizophrenia. Buchsbaum et al. [5] found reduced anisotropy in prefrontal WM in schizophrenia patients, and Lim et al. [2] found widespread reductions in FA in prefrontal and parieto-occipital WM regions in schizophrenia patients who had gray, but not WM, volume deficits. Agartz et al. [6] reported reduced FA in the splenium of the corpus callosum and adjacent occipital WM (forceps major) in patients without volume loss. Foong et al. [7] also found reduced FA in the callosal splenium. More recently, Burns et al. [8] reported reduced FA in the left uncinate fasciculus and bilaterally in the arcuate fasciculus in patients with schizophrenia. However, some groups have found no differences between patients and controls [9, 10] . Although most studies suggest a difference in WM diffusion anisotropy between patients and healthy control subjects, neither the findings nor the methods employed have been uniform.
Some of the disparate findings may be due to differences in data analysis. Many of the studies have used a region of interest (ROI) approach [2, 9] . In this approach, ROIs are drawn or placed in relevant WM regions. Other studies have used a voxelwise approach in which brains are transformed into a standard space and are tested for group differences in FA [5, 6, 8, 10] . The ROI approach has the advantage that ROIs can be placed in regions that have been associated with abnormalities in schizophrenia, but it samples more discrete areas of WM with limited anatomical reproducibility. Fewer statistical tests are performed using this method than in the voxelwise approach. However, the ROI approach can miss regions that do, in fact, differ in FA. The voxelwise approach has the advantage that differences can be studied across the entire brain. The disadvantages include the need for registering the brain images of different subjects into a common space (inter-subject registration), and the need to conduct a large number of statistical tests leading to Type I errors.
Thus far, DTI studies using the voxelwise approach have shown mixed results. Some studies have shown differences between patients and controls [5, 6, 8] , whereas others have not [10] . Some of these results may be due to loss of resolution in the averaged images. In some cases [8, 10] aggressive image smoothing is used to meet the assumptions of Gaussian random field theory typically used for multiple comparisons correction in voxelwise analyses [11] . In addition, even in these voxelwise studies, the whole brain is not always measured [10] . Burns et al. [8] combined voxelwise analysis with a region of interest approach.
The voxelwise approach, while inherently non-conservative, can be used as part of a comprehensive morphometric analysis to illuminate brain regions that are worthy of further study. We conducted a voxelwise analysis on 14 patients with schizophrenia and 14 healthy volunteers using meticulously applied image registration methods that have been shown to be more accurate than conventional registration techniques [12] . Using these novel and stringent methods, we found that statistically significant regional differences in FA do indeed exist between patients with schizophrenia or schizoaffective disorder and healthy control subjects.
MATERIALS AND METHODS
Participants: Participants were 14 (11 male, three female) patients with a DSM-IV diagnosis of schizophrenia (n ¼ 7) or schizoaffective disorder (n ¼ 7) as determined by the Structured Clinical Interview for the DSM-IV [13] . The majority of patients were on atypical antipsychotic medications at the time of imaging. A group of 14 (11 male, three female) control subjects, group-matched for age and parental education status were recruited from the community. Control subjects were given the SCIDnon-patient edition. None of the control subjects had a history of Axis I or Axis II psychiatric disorders. Patients and control subjects were between 20 and 55 years of age (30.8 7 8.5 for patients; 33.5 7 10.8 for controls) and had an estimated IQ 4 75. Exclusion criteria for all subjects were a history of seizure, head trauma, loss of consciousness 4 30 min, a diagnosed neurological disorder or major medical condition, alcohol or other drug dependence (lifetime), or drug or alcohol abuse in the year prior to study. All participants gave written informed consent and all research procedures were approved by the Institutional Review Board.
Image acquisition: Imaging was conducted on a 1.5 T Siemens Vision system. A 3D T1-weighted sagittal MP-RAGE scan was acquired (matrix 256 Â 256, FOV 300 mm, number of partitions 172 for a nominal slice thickness of 1.686 mm, 0 mm gap). In addition, an oblique axial dual echo turbo spin echo scan was acquired aligned to the plane containing the anterior and posterior commissures (TR ¼ 5 s, TE ¼ 22/90 ms, 256 Â 256 matrix, FOV 240 mm, 26 slices, 5 mm slice thickness, 0 mm gap). This scan provided a proton density and a T2-weighted (T2) volume. Finally, axial DTI scans were acquired with a pulsed gradient, double spin echo, EPI sequence (TR/TE ¼ 6000/100 ms, 128 Â 128 matrix, FOV 240 mm, b ¼ 900 s/mm 2 , NEX ¼ 4, 20 slices, 5 mm slice thickness, 0 mm gap). The double spin echo method substantially reduces image distortion artifacts due to eddy currents [14] . The DTI images were acquired in an interleaved fashion and in register to the T2 images, except for spatial distortions due to susceptibility-induced field inhomogeneity. Diffusion was measured along six non-collinear directions. For each of these six gradient directions, four acquisitions were averaged. Two acquisitions without diffusion weighting (b ¼ 0) were also averaged. Thus, seven DTI volumes were obtained in total.
Image processing: The MP-RAGE volume was registered to the T2 volume using a linear rigid-body transformation. The 4 Â 4 transformation matrix (M) for this registration was obtained as a product of two independently-computed matrices M 1 and M 2 (M ¼ M 2 Â M 1 ). The transformation M 1 corrects for the different image orientations and FOVs between the MP-RAGE (sagittal) and T2 (oblique axial) volumes. This matrix was computed directly using the information stored in the image file format. The M 2 transformation corrects for small registration errors due subject motion. This transformation matrix was found using a registration algorithm described previously [15] . The matrix M was stored for subsequent use in registering the FA maps of all subjects as described below.
Non-brain areas on the T2 volume were removed semi-automatically. The edited T2 volume was used to correct the susceptibility induced spatial distortions of the b0 (b ¼ 0) DTI volume using a non-linear 2D warping algorithm [12] . In this method an object volume (b0) is iteratively warped to match a template image (T2) using a multi-resolution approach. The resulting 2D warp fields (W2D) were saved for use in subsequent analysis. Using the 3D version of the same non-linear warping algorithm [12] , the MP-RAGE volumes of all subjects were registered to a single template image. In this case, the template image (161 Â 191 Â 151, 1 mm 3 ) was the MP-RAGE volume of one (healthy volunteer) subject that had been transformed to the Talairach space using AFNI [16] . The warp field for each subject, denoted as W3D, was saved for subsequent analysis.
An FA map was computed from the seven DTI volumes for each subject using methods described elsewhere [3, 17] prior to any image manipulation. The FA map of each subject was then transformed into the Talairach coordinates by combining the transformations M, W2D, and W3D into a single transformation and applying it to the original FA map by a single interpolation operation. This process is depicted in Fig. 1 . This approach reduces interpolation errors because only a single interpolation is applied to the FA maps, representing the combination of all registrations and distortion corrections. Thus, we obtained 28 FA maps (14 per group) of matrix size 161 Â 191 Â 151 and voxel size 1 mm 3 in a common Talairach space. We subtracted the average FA map of the patient group from that of the control subjects and divided by the estimated standard deviation at each voxel to obtain a t-map with 26 degrees of freedom. The resulting t-map was thresholded at a value of 2.48 (p o 0.01, one-tailed), with an extent threshold criterion of Z 200 contiguous voxels.
RESULTS
Using the careful registration procedure described above, we obtained excellent inter-subject registrations of the FA maps. Figure 2 shows the average of 14 FA maps per group in a selected number of slices. These averages show remarkable consistency and resolution owing to the accuracy of our inter-subject registration procedure.
Clusters of Z 200 contiguous voxels with reduced FA at p o 0.01 are shown in Fig. 3 superimposed on the average normalized MP-RAGE of all 28 subjects. These primarily WM regions included the inferior parietal lobule bilaterally (Fig. 3a) , the frontal region just dorsal and lateral to the genu of the corpus callosum in the vicinity of the cingulate gyrus bilaterally (Fig. 3b) , the body of the corpus callosum (Fig.  3c) , the deep occipital WM surrounding the splenium (forceps occipitalis) bilaterally (Fig. 3d) , the splenium (Fig.  3e) , left superior temporal gyrus (Fig. 3f) , middle temporal gyri bilaterally (Fig. 3g) , and the parahippocampal gyri (PHG) bilaterally Fig. 3h ). Analysis of white matter density, however, did not show any significant differences between the groups.
DISCUSSION
Using a voxelwise method, we found that fractional anisotropy was reduced in patients with schizophrenia relative to healthy control subjects in a variety of regions, all of which previously have been reported to have abnormalities in other studies of schizophrenia using different methods. For instance, quantitative MRI studies have found reductions in the volume of temporal and parietal regions [18] . The regions of the callosum in which significant differences were obtained contain fibers that interconnect occipital and temporal regions (splenium), and somatosensory and posterior parietal regions (body) [19] .
Our finding of reduced FA in the splenium (Fig. 3e) in the schizophrenia group is consistent with the findings of Foong et al. [7] and Agartz et al. [6] . The former study was ROIbased while the latter applied voxelwise analysis, emphasizing this finding overall. We also found reduced FA in adjacent occipital WM (Fig. 3d) , consistent with the results of Agartz et al. [6] . A growing body of evidence suggests that early stages of visual processing are deficient in schizophrenia [20] , adding potential functional significance to the reduction of FA in the splenium and occipital WM.
The asymmetrical deficits in the superior temporal gyrus (Fig. 3f) are intriguing given the findings from volumetric MRI studies in schizophrenia [18] , the auditory and language functions of this region [21] , and the welldocumented deficits in these functional modalities in schizophrenia. That this was the only region clearly found to be asymmetrically affected may relate to the hypothesis that defects in cerebral asymmetry and their inheritance underlie the language deficits and thought disorder in schizophrenia [22] .
The focal bilateral reduction of FA in the WM of the anterior PHG (Fig. 3h) also is of interest. The parahippocampal gyrus, in association with other mesial temporal lobe regions, plays a crucial role in the higher cognitive processes, such as learning and memory [21] , which are known to be disturbed in schizophrenia. Numerous reports of gray matter deficits have been reported for the hippocampus and PHG schizophrenia [18] but this is the first known report of altered diffusion metrics in parahippocampal WM. The reductions of FA in the inferior parietal lobule are interesting as well, given the documented volume reductions in this region [18] and its role in semantic and attentional processes [21] . The functional significance of these changes requires further attention.
A drawback of voxelwise statistical analysis is the problem of multiple comparisons. The usual Bonferroni correction is too conservative because of the huge number of tests. We implemented a permutation method described elsewhere [23] for group analyses but found this method also to be excessively conservative. In addition, we implemented a randomization method based on cluster size. This method was less conservative than the abovementioned methods but still lowered the sensitivity of the analysis considerably. Based on the results of this study we conclude for voxelwise methods: (a) that a greater number of subjects be used to increase statistical power when examining the whole brain; and (b) that ROI-based approaches, based on the regions detected in this paper, be driven by specific hypotheses, thereby limiting the number of regions tested and increasing the sensitivity of the multiple comparison correction method.
CONCLUSIONS
Using a rigorous voxelwise analysis, we have demonstrated reductions in WM integrity in patients with schizophrenia or schizoaffective disorder compared to healthy control subjects. The regional distribution of these differences is consistent with other reported structural brain abnormalities in schizophrenia. By assessing differences in WM integrity across the whole brain, this method can inform hypothesis-driven studies of WM integrity in schizophrenia as well as other disorders of the brain. Original FA map 3D Non-linear warp W3D Fig. 1 . Processing stream for image registration in voxelwise analysis of di¡usion tensor data. The process comprises distortion correction of the b0 volume by matching it to theT2 using 2D warping; rigid-body registration of theT2 volume to the sagittal MP-RAGE; and ¢nally 3D warping of the MP-RAGE to register it to a template in Talairach space. All registrations (enclosed inside the dashed box) are combined into one interpolation operation and applied together to the FA map of the subject. 
